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ABSTRACT
This work presents the implementation and validation of a numerical model that simulates the thermal and fluiddynamic phenomena inside capillary tubes. The algorithm is based on a two-phase flow model where the governing
equations (continuity, momentum, energy and entropy) are integrated over the discretized fluid domain and solved
by means of a step-by-step scheme. The numerical procedure considers four different transitional regions (subcooled liquid region, metastable liquid region, metastable two-phase flow region and equilibrium two-phase flow
region), allows the prediction of both critical and non-critical flow conditions, and evaluates the heat exchanged
between the capillary tube and the compressor suction line.
The model predictions have been compared against experimental data sets including adiabatic and non-adiabatic
conditions. In addition, a parametric study on capillary tubes used in household refrigerators and working with
isobutane has been carried out (different geometric conditions were considered).

1. INTRODUCTION
The present concern in the environment preservation is bringing new challenges to the design of refrigeration
systems. The research community efforts are focused on improving the energy efficiency of systems (in order to
reduce the power consumption) and on replacing the harmful artificial working fluids to environmentally friendly
refrigerants.
Nowadays and especially in Europe, the natural substance R-600a (isobutane) is considered a substitute for the
synthetic refrigerants used in domestic refrigerators and freezers as it has zero ozone depletion potential (ODP) and
insignificant global warming potential (GWP). This refrigerant has good energy efficiency but its particular
thermodynamic characteristics imply new and/or adapted refrigeration system designs. Household refrigerators work
by means of single-stage vapor compression cycles which are basically made up of four elements: a compressor, a
condenser, an expansion device and an evaporator. The expansion device is usually a capillary tube (a fixed length
tube placed between the outlet of the condenser and the inlet of the evaporator and with a relatively small diameter).
Inside the capillary tube the refrigerant pressure is drastically reduced and its state changes from liquid to a liquidvapor mixture due to the flashing phenomenon. The refrigerant flow is metered from the high pressure side to the
low pressure side of the refrigerating system according to load demand. The capillary tube does not operate
efficiently over a wide range of conditions compared to a thermostatic expansion valve. However, it is reliable, less
expensive and performs nearly well. It also allows low compressor starting torque as pressures equalize when the
system is off. The appropriate design of this device is crucial for the global refrigerating system performance.
The refrigerant flow rate through a capillary tube increases as the discharge pressure decreases but only up to a
critical value, below which the flow does not change (choked flow). Capillary tubes normally work under such
critical conditions. The typical pressure evolution profile of the evaporating flow through capillary tubes is depicted
in Figure 1(a). Three main regions are distinguished. Firstly, the single-phase region which lies between the
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capillary tube inlet and saturation pressures (down to the flash point). Secondly, the two-phase region where the
refrigerant pressure rapidly drops. And finally, a shock wave located at the outlet of the capillary tube if critical
conditions are met (i.e. the capillary tube discharge pressure is lower than the critical discharge pressure). For more
information about capillary tubes see ASHRAE (1998).

Figure 1: (a) Pressure distribution along the capillary tube, and (b) phenomena occurring along the capillary tube: I)
subcooled liquid single-phase, II) metastable liquid single-phase, II) metastable liquid-vapor two-phase, and IV)
thermodynamic equilibrium liquid-vapor two-phase.
During the last decades capillary tubes have been experimentally and numerically studied by different authors as
shown in the extensive review presented by Khan et al. (2009). In several works (e.g. Mikol, 1963 and Li et al.,
1990) it has been observed that the actual location of the flash point is not at the saturation condition but somewhere
downstream from it. Consequently, metastable equilibrium occurs between the liquid and the liquid-vapor flows.
This phenomenon is represented in two regions: a metastable liquid phase region (pure liquid between the saturation
pressure and the real flash point) and a metastable liquid-vapor two-phase region (between the real flash point and
the liquid-vapor thermodynamic equilibrium). The metastable regions are detailed in Figure 1(b) where both the
fluid pressure and the saturation pressure profiles along the capillary tube are plotted (the saturation pressure is the
pressure calculated from the fluid temperature).
In this work the numerical model to simulate capillary tubes reported by Escanes et al. (1995) and upgraded by
Garcia-Valladares (2002) has been implemented. The numerical model is described and its most significant aspects
are detailed. The simulation results are compared against different experimental data sets including adiabatic and
non-adiabatic conditions. The work ends with a parametric study on capillary tubes working with R-600a and
considering household refrigerating systems.

2. NUMERICAL MODEL
The main aspects of the numerical method are presented in this section: i) the in-tube two-phase flow model; ii) the
regions studied through the expansion process; and iii) the capillary tube numerical resolution.

2.1 In-tube Two-Phase Flow Model
The numerical model for two-phase flow inside tubes is obtained from the integration of the fluid governing
equations along the flow domain (which is split into a number of finite control volumes as is shown in Figure 2).
Considering a steady-state quasi-homogeneous fully-implicit one-dimensional model, the discretized governing
equations (continuity, momentum, energy and entropy generation) show the following form:
(1)
(2)
(3)
(4)
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Figure 2: Two-Phase flow discretization
The whole flow domain is solved on the basis of a step-by-step numerical implicit scheme. The main equations (1,
2, 3 and 4) are rearranged and solved for the i position. Then, from the duct flow inlet conditions, namely, pressure,
enthalpy and mass flow, each control volume outlet state is calculated sequentially. The formulation requires the use
of empirical correlations to evaluate three specific parameters: the void fraction (Premoli et al., 1970), the shear
stress (Churchill, 1977, Friedel, 1979), and the convective heat transfer coefficient used to evaluate the heat
transferred between the tube and the fluid (Gnielinski, 1976, McAdams, 1954, Shah, 1979).
The energy balance over the solid part of the tube is also considered. The tube is discretized in a way that for each
fluid flow control volume there is a corresponding tube temperature (see Figure 2). The balance takes into account
the heat exchanged with the internal fluid and the heat transferred to/from an external boundary condition (e.g. an
external heat transfer coefficient, an external fluid flow solved in the same way as the internal fluid, an insulation
cover discretized in a two-dimensional way, etc.). The set of the algebraic equations of the solid domain are solved
by means of a node-by-node method (Gauss-Seidel) or a direct method (TDMA).
The process of solving in a segregated way the inner fluid, the solid tube and the external condition (if necessary), is
carried out iteratively until a converged solution is obtained. The tube wall temperature map acts as the boundary
condition for the whole internal flow. The solution is given when all the variables (mass flow rate, pressure,
enthalpy, tube temperatures and external variables) agree with the convergence criteria in order to obtain the desired
accuracy. More details of the model are found in Garcia-Valladares et al. (2004).
More complex configurations can be simulated with this algorithm. In the case of a double tube heat exchanger, four
different domains are defined: i) the inner fluid (discretized and solved with the step-by-step resolution procedure);
ii) the inner tube (discretized in a one-dimensional way and solved with the TDMA method); iii) the counter flow
secondary fluid (discretized and solved with the step-by-step resolution procedure); and iv) the outer tube which
may include an insulation cover and different materials (discretized in a two-dimensional way and solved by means
of a line-by-line TDMA method).

2.3 Flow Regions
The state of the refrigerant flow through the capillary tube changes from single- to two-phase flow. However, two
additional metastable states are observed during the transitional zone: metastable liquid and metastable two-phase.
In order to consider these two additional regions the approach proposed by Garcia-Valladares et al. (2007) has been
implemented. The main aspects of the four regions (single-phase, metastable liquid, metastable two-phase, and twophase in thermodynamic equilibrium) are plotted in Figure 1(b) and explained in the following paragraphs.
Single-phase. This region corresponds to the subcooled liquid region and is defined by p  psat and xg = 0. In this
region the heat transfer coefficient and the friction factor are predicted from appropriate correlations for single-phase
flow while the fluid pressure, enthalpy and temperature are obtained from equations (1, 2, 3 and 4).
Metastable liquid. This region begins when the pressure drops down to the saturated condition and ends at the onset
of vaporization (psat > p Sv and xg = 0). The pressure of vaporization (pv) is estimated with the correlation proposed
by Chen et al. (1990). The fluid properties are calculated from the liquid saturation conditions but at the present
fluid pressure. The friction factor and the heat transfer coefficient are evaluated with correlations for single-phase
flow.
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Metastable two-phase. This region is defined when pv > p, 0 < xg  xg,equi and 0  \  . Both the heat transfer
coefficient and the friction factor are estimated from two-phase flow correlations. Feburie et al. (1993) defined the
variable y as the mass ratio of total saturated phase to total phase (y=ml+mg)/(mg+ml+mm) where the subscript m
corresponds to the superheated liquid.
Two-phase in thermodynamic equilibrium. This region is defined when pv > p and xg,equi < xg < 1. Both the heat
transfer coefficient and the friction factor are calculated from appropriate correlations for two-phase flow.

2.4 Capillary Tube Numerical Resolution
The algorithm to simulate the capillary tube by means of the two-phase flow model is carried out in two steps: i)
calculate the capillary tube critical limit (e.g. critical conditions), and ii) determine if the capillary tube is working at
critical or non-critical conditions in order to perform the corresponding numerical simulation. The boundary
conditions considered are the fluid inlet and discharge pressures, pin and pdis, respectively.
Critical conditions. The mass flow rate inside a capillary tube increases as the evaporating temperature decreases
(lower discharge pressure) but only up to a critical value from which the mass flow rate remains constant. This
critical limit is used to determine if the capillary tube is working at critical or non-critical conditions (the critical
condition occurs when the entropy generation equation is not anymore accomplished, sgen,i < 0, see equation 4). In
the two-phase flow numerical model the critical limit is reached when the entropy generation equation is
accomplished along the whole tube except at the outlet position (the downstream face of the last control volume). It
can be alternatively calculated when dp/dz approaches to infinity at the capillary tube end (or dz/dp İ . The critical
condition is defined with the critical limit values mcr and pcr.
Critical and non-critical flow resolution. The flow is critical when the critical pressure is higher than the actual
discharge pressure (pcr > pdis) and non-critical in the opposite case (pcr < pdis). If the flow is non-critical new iterations
are carried out in order to find the refrigerant thermal and fluid-dynamic behavior (the corresponding mass flow rate
is obtained when the discharge pressure is equal to the calculated capillary tube outlet pressure). However, if the
flow is critical an additional control volume is considered at the capillary tube outlet end. There, the inlet section of
this control volume corresponds to the capillary tube inner diameter while the outlet section corresponds to the
discharge tube inner diameter. The energy equation is applied at this control volume (considering constant pressure
and neglecting both heat transfer and transient terms) in order to calculate the new capillary tube discharge enthalpy.

3. EXPERIMENTAL VS. NUMERICAL RESULTS
The numerical model predictions are compared against experimental data found in the open literature for both
adiabatic and non-adiabatic conditions. The effects due to the metastable phenomenon have been considered.

3.1 Adiabatic Capillary Tube
The selected experimental cases are detailed in Table 1. The measurements were reported for R-12 and R-22 and
include different geometric and operational conditions. Figure 3 shows the divergence between all the numerical
predictions and the experimental measurements. Good agreement is observed as the mean prediction error is lower
).
than 3% (
Table 1: Experimental cases of adiabatic capillary tubes
case
a
b
c
d
e
f

Source
Li et al. (1990)
Li et al. (1990)
Li et al. (1990)
Li et al. (1990)
Mikol et al. (1990)
Mikol et al. (1990)

Fluid
R-12
R-12
R-12
R-12
R-12
R-22

L(m)
1.5
1.5
1.5
1.5
1.83
1.83

D(mm)
0.66
0.66
1.17
1.17
1.41
1,41

(kg/h)
4.07
3.04
15.66
12.25
21.23
30.70

pin(bar)
9.67
7.17
8.85
8.40
8.58
16.41

pdis(bar)
3.33
3.25
2.45
2.73
3.72
4.00

Tin(ºC)
31.4
23.4
30.0
33.8
32.8
40.7
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Figure 3: Divergence between num. and exp. results for adiabatic capillary: pressure (left) and mass flow rate (right)

Figure 4: Numerical results vs. experimental data (case a from Table 1)
The metastable effect is studied in Figure 4 which corresponds to case a. On one side, the experimental
measurements of the fluid pressure are plotted along with the saturation pressure (deduced from the fluid
temperature measurements) and compared with the numerical results, on the other side two numerical temperature
profiles are compared (with and without taking into account the metastable effect). The model accurately predicts
both pressure profiles and the metastable effects are clearly noticed: The pressure linear decrease is extended beyond
the saturation condition and the temperature profile changes significantly if the metastable region is considered or
not.

3.2 Non-Adiabatic Capillary Tube
In some refrigerating systems the capillary tube usually forms a counter flow heat exchanger with the compressor
suction line. Such configuration prevents liquid phase entering into the compressor. It also allows both to reduce the
refrigerant gas weight fraction at the evaporator inlet and to increase its mass flow rate (with only a slight increase in
the compressor power consumption). The global system thermodynamic efficiency is improved when the cooling
capacity increase exceeds the compressor power increase.
Lin
LIHE
Lcap
Capillary tube inner diameter
Capillary tube outer diameter
Annular tube inner diameter
Annular tube outlet diameter
Inlet pressure
Outlet pressure
Subcooling degree
Annular flow inlet temperature

0.2/0.6 (m)
1.0/2.2 (m)
3.0/4.0 (m)
0.553/0.766(mm)
1.801/1.950(mm)
6.30/7.86(mm)
7.94/9.84(mm)
5.01 to 6.53(bar)
0.58 to 0.90(bar)
5 to 10.2(ºC)
-20.7 to -11.9 (ºC)

Figure 5: Diagram of capillary tube with double tube heat exchanger and exp. data conditions (Melo et al., 2002)
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Figure 6: Error scatter between numerical and experimental results for non-adiabatic capillary tubes: mass flow rate
(left) and annular flow outlet temperature (right)
Melo et al. (2002) reported a complete experimental data set on capillary tubes working with R-600a. The test
section scheme is presented in Figure 5 together with the data geometric and operational conditions. The numerical
model has been adapted to adequately reproduce the experimental data. Three concatenated tube portions have been
considered to simulate the whole capillary tube system: an adiabatic inlet duct, a double tube counter flow heat
exchanger with insulation, and an adiabatic outlet duct. Basically two parameters have been predicted (the annular
fluid flow outlet temperature and the refrigerant mass flow rate) and compared against the experimental data as
shown in Figure 6. The numerical model has an acceptable accuracy as the refrigerant mass flow rate and the
annular fluid flow outlet temperature have mena prediction errors lower than 6% and 11%, and standard deviations
of 4.8% and 8.5%, respectively. The discrepancies are more significant for the temperature as it highly depends on
the annular heat transfer correlation selected.

4. PARAMETRICAL STUDY
In this section a parametrical study on non-adiabatic capillary tubes working with R600a is carried out. The
geometric configuration is that of Figure 5 which includes a double tube heat exchanger that simulates the heat
exchanged with the suction line of the refrigerating system. The studied conditions are summarized in Table 2.
Table 2: Capillary tube parametric study: geometric parameters (reference case conditions in bold)
Fluid

Lin
(m)

R-600a

0

LIHE
(m)
0-2 (1)

Lcap
(m)
1.25-3.25 (2.5)

D
(mm)
7-9 (8)

Dext
(mm)
2

Roughness
(10-7m)
1-65 (15)

Subcooling
(ºC)

Superheating
(ºC)

Tevap
(ºC)

Tcond
(ºC)

7

5

-23

40

Figure 7: Refrigerant temperature and pressure profiles for the reference case
The detailed profiles of the fluid temperature and pressure along the capillary tube for the reference case are
depicted in Figure 7. Three different trends are distinguished for the inner fluid temperature: i) temperature decrease
due to the heat exchanger; ii) insignificant temperature change (adiabatic single phase); and iii) steep temperature
decrease (two-phase). In regards to the pressure profile two trends are observed: i) linear decrease (single-phase
flow); and ii) abrupt decrease (two-phase flow). The latter region is reached near the tube end (i.e. at 2.28 m from
the entrance).
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The influence of several parameters (double tube heat exchanger length, tube total length, tube diameter and tube
roughness) on the refrigerant mass flow rate, the annular flow outlet temperature, and a theoretical refrigerating
cycle has been studied and are graphically shown in Figure 8. The theoretical cycle is represented with three
parameters: i) cooling capacity (calculated from the mass flow rate and the enthalpy variation); ii) the compressor
work (calculated as the isentropic work); and iii) the cycle COP. The simulation boundary conditions considered are
the inlet and discharge pressures and the fact that the annular fluid mass flow rate must be equal to that of the
capillary tube. The latter condition needs additional iterations of the whole capillary tube system.
Considering the conditions stated for this analysis some general conclusions are drawn from the numerical results: i)
the mass flow rate increases as the resistance to flow decreases inside the capillary tube (later set of the two-phase
flow condition, shorter tube length, bigger diameter and smaller roughness); ii) the refrigerant compressor inlet
temperature increases with the heat exchanger length (the other geometrical variables show insignificant influence);
and iii) Both the system cooling capacity and compressor work is highly related to the mass flow profile. The COP
increases as the heat exchanger length increases.
(a) capillary tube heat exchanger length (LIHE)

(b) capillary tube length (Lcap)

(c) capillary tube inner diameter

(d) capillary tube roughness

Figure 8: Error scatter between numerical and experimental results for non-adiabatic capillary tube…
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5. CONCLUSIONS
x
x
x

The capillary tube model has been detailed and appropriately implemented.
Good agreement has been obtained between the numerical results and the experimental measurements for
adiabatic and non-adiabatic conditions.
The influence of different geometric parameters has been studied in order to analyze the capillary tube
behavior and its theoretical influence over the whole vapor compression refrigerating cycle working with
R-600a and considering domestic refrigerator operational conditions.

NOMENCLATURE
D
e
g
h
n
p
S
s
T
v
xg

İ

capillary tube inner diameter
specific energy
acceleration due to gravity
enthalpy
mass flow rate
number of measurements
pressure
heat flux
cross section
specific entropy – standard deviation
generation of entropy
temperature
velocity
gas weight fraction
axial step
density
shear stress
tube roughness

(m)
(j/kg)
(m/s2)
(j/kg)
(kg/s)
(-)
(pa)
(w/m2)
(m2)
(j/kgk) – (-)
(j/m3sk )
(k)
(m/s)
(-)
(m)
(kg/m3)
(pa)
(m)

subscripts
c
calc
cap
cond
cr
dis
equi
evap
exp
ext
g
i
in
l
m
out

kinetic
calculated
capillary tube
condenser
critical
discharge
therm. equilibrium
evaporator
experimental
external
gas
grid position
inlet
liquid phase
superheated liquid
outlet
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